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ABSTRACT OF THE DISCLOSURE 



A method to increase the capacity efficiency of span-restorable mesh networking on sparse 
facility graphs. The new approach views the network as a "meta-mesh of chain sub-networks". 
This makes the prospect of WDM mesh networking more economically viable than with previous 
mesh-based design where the average nodal degree is low. The meta-mesh graph is a 
homeomorphism of the complete network in which edges are either direct spans or chains of 
degree-2 nodes. The main advantage is that loop-back type spare capacity is provided only for the 
working demands that originate or terminate in a chain, not for the entire flow that crosses chains. 
The latter "express" flows are entirely mesh-protected within the meta-mesh graph which is of 
higher average degree and hence efficiency for mesh restoration, than the network as a whole. 
Nodal equipment savings also arise from the grooming of express lightpaths onto the logical 
chain-bypass span. Only the meta-mesh nodes need optical cross-connect functionality. Other 
sites use OADMs and/or glassthroughs. The resultant designs comprise a special class of 
restorable network that is intermediate between pure span restoration and path restoration. Most 
of the efficiency of path restoration is achieved, but with a span restoration mechanism which is 
more localized and potentially faster and simpler than path restoration. The concept lends itself to 
implementation with OADMs having a passive waveband pass-through feature to support the 
logical chain bypass spans for express lightpaths. 



TITLE OF THE INVENTION 

Design of a Meta-Mesh of Chain Sub-Networks 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from United States provisional application no. 60/242,709 
filed October 25, 2000. 

BACKGROUND OF THE INVENTION 

01 Developments in DWDM-based switching technology are giving rise to networking 
elements that are capable of manipulating individual lightwave carriers or wavebands in ways that 
are logically similar to SONET-era add-drop multiplexers and cross-connects in terms of the 
agility they provide for reconfiguration of the transport layer. Like SONET elements that add- 
drop or cross-connect individual STS-1 or STS-n tributaries, Optical ADMs (OADMs) and 
Optical cross-connects (OCX) can add/drop or cross-connect wavelengths (or wavebands) [1]. All 
references in square brackets are listed at the end of the disclosure. One advantage of these 
DWDM networking elements is that they provide the reconfigurability to adapt the logical 
wavelength connectivity layer to match changing demand patterns in the service layers enabling 
the concept of an "automatically switched" (a.k.a "self-organizing") transport network (ASTN) 
[2], [3]. But another advantage is that OADM and OCX elements enable mesh restoration 
schemes for the optical networking layer. 

02 One driver for optical layer mesh restoration over the ring protection schemes of Sonet is 
the greater capacity efficiency that can be achieved [1 1]-[24]. Mesh networking allows routing of 
the working demands over shortest paths of the facilities graph and greater efficiency in the 
sharing of spare capacity for restoration. In practice, however, some real networks are so sparse in 
their facility-route topology that it may still be hard for mesh-based restoration to prove-in over a 
ring-based solution which is less capacity efficient but is based on less-costly OADMs rather than 
OCX. The emphasis on "low-connectivity" graphs reflects the reality of several North American 
Inter-exchange carrier (IXC) networks. While European networks often have d > 4, (see for 
example the networks in [1 1], [12]), North American IXC networks can be extremely sparse, with 
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d as low as 2.2 (see for example [6]). d is the average number of separate facility routes leaving 
each node 

03 In a bi-connected network with d only slightly above two there will be a preponderance 
of degree-2 locations and will tend to contain chain sub-networks, like beads of a string. Figure 1 
is a conceptual example of such a sparse facility topology. The example is illustrative only, but to 
varying extents is characteristic of the North American portions of the networks described at [4] 
through [10]. At least empirically it is well recognized that North American networks, especially 
in Canada and over large parts of the mid-USA, tend to be of lower degree than European 
networks. This is perhaps because, per-unit of geographical area, there have been fewer revenue 
producing source/sink centers in these regions to justify the historical development of a richer 
fabric of direct facility routes at the continental scale. And more recently, advances in 
transmission capacity, and related economy-of-scale in capacity-cost effects, only serve to 
reinforce the tendency towards sparse facility graphs [25]. With large amounts of capacity and 
economy of scale it can often be economic to route longer distances, over sparser graphs, rather 
than seek additional facility routes, at least as a short-term recourse to meeting demand. There is 
thus a practical reason to be interested in transport network research that is especially focussed on 
sparse transport graphs. The extent to which ring-based networks have been deployed at the IXC 
level in North America compared to Europe, is in a sense also a recognition of this sparseness in 
that rings are easily mapped onto these natural chains. However, rings have to be closed to 
operate, whereas a set of chain sub-networks may, as proposed herein, be operated at a higher (a 
meta- level) as a form of mesh-restorable network. 

04 On the other hand, a very sparse graph can make the economic advantage of mesh-based 
networking questionable. For a few years now informal appraisals have often judged that a 
network as sparse as in Figure 1 would be simply too low-degree to benefit enough from mesh 
restoration (relative to a ring-based status quo). After all, mesh efficiencies can only possibly 
occur at nodes with d =3 or higher: a d=l node is not restorable and a d=2 node is already as well 
served by a shared-protection (BLSR type) ring as it can be. And increasing d by simply 
acquiring more rights-of-way is generally a most long-term and expensive proposition. Right-of- 
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way costs can be one of the single largest investments the network operator faces involving years 
of legal work to piece together individual purchases, leases, municipal approvals, permits, and so 
on, to establish one new edge in the facilities graph. An object of this invention, therefore, is to 
enhance the efficiency of span-restorable mesh networks on low-degree topologies. 

Definitions 

05 The most common practical aim in the design of survivable transport networks is to 
achieve 100% restorability against any single span failure either through network protection or 
restoration using a designed-in allocation of spare capacity. We use the term spare to denote any 
such designed-in reserve capacity whether technically for protection or restoration. Generally 
protection is used for schemes where the spare capacity is reserved and dedicated to cover a 
specific set of failure scenarios such as in 1+1 diverse-routed protection, or path- or line-switched 
rings. Restoration refers to arrangements where a network-wide allocation of spare capacity is not 
dedicated to any specific failure but is configured as needed to restore affected carrier signals as 
failures arise. Restoration schemes can generally achieve higher sharing of spare capacity than a 
corresponding protection scheme, but may require a more complex real-time process for the 
failure recovery. 

06 Designing for 100% restorability means that all of the failed working demand units, in this 
case traffic-bearing lightwave links forming parts of end-to-end lightpaths, can be restored by 
replacement paths either end-to-end across the network or through detour-like path segments 
formed between the end-nodes of the failed span itself. The required replacement paths must be 
feasible for every single-failure scenario within the environment of spare wavelengths surviving 
after the failure. An obvious aim in designing any survivable mesh network is therefore to assure 
that all such restoration path-sets are feasible within a globally minimized total amount of spare 
capacity. Every span in a mesh-restorable network has a number of working capacity units and a 
designed-in number of spare-capacity units. In DWDM networking the units of both working and 
spare capacity are individual DWDM carrier wavelengths. The spare capacity on a span is not, 
however, for restoration of demands crossing the same span, but is for shared use in restoration 
routing for other span failures. Spare capacity is in every way identical to working capacity but it 
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bears no actual traffic (or any such traffic is preemptible) when in the standby state. Each spare 
wavelength is also fully ready for use but is not yet cross-connected into any lightpath in the non- 
failure state. 

07 The term span as used here has its origin in the transmission networking community to 
refer to a grouping of physical layer carrier signals between adjacent cross-connecting nodes that 
can undergo a common-cause failure. As Bhandari [13] explains "...spans are the set of physical 
transmission fibers / cables in the physical facility graph. Links of the logical connectivity graph 
are built from spans. A given span can thus be common to a number of links." A span is further 
defined by us as constituting the set of all the physical working and spare channels that terminate 
on adjacent cross-connecting nodes and share a common exposure to a single physical cut of their 
infrastructure, such as a duct or cable. Each working capacity unit on a span is thus part of a 
logical link in a client service-layer network, all such links being destined to fail together if the 
corresponding physical span fails. A span is thus like the more recent concept of shared link risk 
group (SLRG). One physical entity failure may also produce one or more simultaneous span cuts 
if more than one cross-connect adjacency is involved. Notwithstanding the specific meaning of 
span here, readers are advised that the more generic term link is often also used in this context. 
The intended meaning of link as either a service-layer or physical-layer entity has to be construed 
appropriately in each case. 

08 Reversion is the process of returning affected demand flows back to their pre-failure 
routes from their restoration routes after physical repair of the failed span. In all cases which 
follow, other than with dedicated 1+1 APS protection, we are designing capacity for networks in 
which reversion is assumed to occur following a failure and its subsequent repair before there is 
any significant probability of a second failure onset. Mesh-restorable networks can be designed 
to sustain a second span failure while repair of the first failure is ongoing but the spare capacity 
penalty can be very high [14] and this is not generally the aim in the practical design of transport 
networks. It is, however, assumed that in networks where spare capacity is available for either 
restoration or new service provisioning, ongoing provisioning of new service paths during the 
restored state will have to be cognizant of the spare capacity used by the restoration process and 
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provision new service paths accordingly. An alternative, however, is to operate a transport 
network with an envelope of working capacity, within which self-organizing ASTN-type service 
provisioning is conducted with a separate allocation of spare capacity for assured restoration of 
any single span failure within the working envelope. When it is the working envelope itself that 
is protected, ASTN operations can remain blind to the details of the failure and restoration 
reconfiguration. 

09 The generic term demand refers to a working unit of aggregated traffic to be transported 
between origin-destination (O-D) nodes of the network. The term follows Wu's distinction 
between traffic itself and the demand units [15] required to transport it. Traffic for example is the 
individual IP packet and or STS-level tributary flows exchanged between O-D pairs. But demand 
expresses the aggregate requirement of all traffic types for lightpaths between a given O-D pair. 
One unit of demand consumes one working wavelength on each span traversed on the route of the 
demand between O and D. 

Loop-Back in Restoration Schemes 

10 The simplest form of network protection is diverse-routed 1+1 automatic protection 
switching (APS) with a dedicated span- (or node-) disjoint protection (DP) path. 1+1 DP APS 
uses simple terminals but requires over 100% redundancy in terms of total wavelength-kms 
required. By the redundancy of a span or a network as a whole, we mean the ratio of total spare to 
total working capacity. Optical path-protection rings (OPPR) and Optical shared protection rings 
(OSPR) [16] are the WDM-based counterparts to SONET UPSR and BLSR. The OPPR / UPSR 
structure is a logical collection of tributary-level 1+1 DP setups that is no more architecturally 
efficient than 1+1 APS, but is economically efficient because of the economy of scale in sharing 
of the optical line transmission capacity, and because of the relative simplicity of the OADM 
terminals. The OPSR / BLSR structure is more efficient than 1+1 DP APS or OPPR / UPSR 
because it uses a line-level loop-back mechanism, allowing sharing of protection capacity over all 
spans of the same ring. However, the best an OPSR / BLSR ring can do is achieve 100% 
redundancy because the protection capacity around the entire ring must meet the largest cross- 
section of working capacity anywhere in the ring. 
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1 1 This 100% matching of spare capacity to largest-working capacity is a general property of 
any degree-2 sub-network such as a ring or a chain of degree-2 nodes. A ring is just a sub- 
network of degree-2 nodal elements arranged in a cycle on the graph, while a chain is a connected 
segment of degree-2 nodes that does not close on itself. Loop-back refers to the mechanism and 
the spare capacity requirements required for restoration routing in either a BLSR ring, or in a 
chain under span restoration. The main point to observe is that at any degree-2 site the spare 
capacity on the "East" side of the node must meet or exceed the working capacity on the "West" 
side of the same node, and vice-versa. The topology of a ring or chain dictates that to escape from 
a cut on one-side of a node, the spare capacity on the other side must be sufficient to support 
loop-back of the failed working capacity on the cut side. 

Mesh Restoration and Protection Schemes 

12 Span restoration is the mesh technology equivalent to OPSR and BLSR rings in that 
restoration occurs by rerouting between the immediate end nodes of the break. Span restoration is 
like deploying a set of detours around the specific break in a road that disrupts working paths. 
Unlike rings, however, mesh span restoration need not be via a single route, nor via simple two- . 
hop routes only. By analogy, if a highway has several lanes, there may be an independent detour 
path deployed for each lane limited by a hop or distance limit, H, which can be considerably more 
than two hops. The basic re-routing and capacity design methods for span restoration can 
incorporate a hop or distance limit and/or an optical path loss limit. Setting the hop or distance 
limit allows a trade-off between the maximum length of restoration paths and the total spare 
capacity. As H is increased, more sharing-efficient patterns of re-routing are permitted until at a 
threshold hop limit H\ the theoretical minimum of spare capacity is reached [20]. 

1 3 For comparisons of the restoration system of the present invention to existing schemes, we 
consider two variants of the span restoration capacity design problem. In the Spare Capacity 
Assignment (SCA) problem we consider span-restorable networks in which demands are first 
shortest-path routed followed by optimal spare capacity assignment for 100% restorability. The 
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total spare capacity is minimized independently of working capacity. In Joint Capacity 
Assignment (JCA) we consider span-restorable networks where the routing of working paths (and 
hence working capacity) is jointly optimized with spare capacity assignment to minimize total 
capacity. Self-organizing methods for this type of restoration, including distributed self-planning, 
are well developed from work in the 1990s [17], [18], and [32]. Although phrased in the language 
of the times, i.e., SONET, these schemes are fairly easily mapped into DWDM implementations 
between opto-electronic cross-connects, especially if digital wrapper [36] is implemented. 
Alternately, centralized control or OSPF-type path finding may be iterated to develop a set of k- 
shortest replacement paths for this type of restoration. 

14 Shared backup path-protection and path-restorable networks are also considered here. In 
Shared Backup Path Protection (SBPP) we assume the shortest route is used for the working path 
and a single fully-disjoint route is selected for the backup path under optimization to permit 
sharing of spare capacity over all backup paths whose working paths are failure-disjoint. 
Demands on working paths that follow physically disjoint routes over the network will not need 
the restoration capacity simultaneously, hence restoration capacity sharing is permitted. This is 
logically the same scheme as was proposed for ATM Backup VP restoration [30] in the special 
case where the maximum permissible over-subscription factor [23] is limited to 1.0. The SBPP 
approach is receiving much attention in recent IETF deliberations [31]. SBPP is sometimes called 
failure-independent path protection because the route of the backup path is the same regardless of 
where a failure arises on the corresponding working path. This is argued to simplify activation 
and speed up cross-connection of the backup path. But it foregoes the opportunity in capacity 
planning to re-use the surviving "stub" portions of the failed path either for the same working 
demand or for restoration of any other demands that underwent simultaneous failure in the 
corresponding span cut. 

15 In a path-restorable mesh network [21]-[22] demands affected by a span failure are 
restored simultaneously on an end-to-end basis for each O-D pair affected. This is done in a 
globally optimized manner that considers the specific failure and can exploit surviving stub 
capacity from failed working paths using stub release [22]. In a path-restorable network the total 
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spare capacity is strictly sufficient only to support a multi-commodity maximum-flow (MCMF) 
type of simultaneous re-routing of all affected O-D pairs [32]. In its most capacity-efficient form 
this involves stub release in which the surviving working capacity units of failed paths are 
considered available as spare capacity for the particular restoration event. The automatic 
propagation of an Alarm Indication Signal (AIS) in a digital wrapper is a simple and fast means to 
effect stub release. The main difference relative to SBPP is that there is no single predetermined 
restoration route for each working path. Rather a collectively optimized re-routing of all failed 
paths will occur end-to-end in the presence of the specific failure, the surviving spare capacity 
following that failure, and the environment of stub release capacity. The path restorable designs 
we consider are non-joint in the same sense as above in that demands are first routed via their 
shortest paths before spare capacity is optimized. Further elaboration on the concept of stub 
release in path restoration is available in [21]- [23]. It has also been found in [21]-[23] that joint 
optimization adds little further efficiency to a path-restorable design so we consider the simpler 
non-joint case for comparison to the performance of the present invention. 

Conventional Design of Span-Restorable Mesh Networks 

16 The design of span-restorable mesh networks is most often approached using an arc-path 

Integer Linear Programming (IP) formulation introduced for SCA [20]. As our benchmark here 

we will use an extension of the model in [20] to include joint optimization of the working path 

routing (i.e. JCA)[25]. We define JCA as follows: 

S Set of spans in the network 

Pi Set of eligible routes for restoration of span / 

D Set of O-D pairs with non-zero demand 

d r Number of demand units for O-D pair r 

Q r Set of eligible working routes available for demand pair r 

C/* q 1 if q th eligible route for working demands between O-D pair r uses span j, zero otherwise 

Sj/ 1 if p th eligible route for restoration of span i uses span j, zero otherwise 

Cj/i Cost of a unit-distance of unit-capacity on span j 

Lj Length of span j 

ft Restoration flow assigned to p th eligible restoration route for span / 

Sj Number of spare capacity units placed on span j 

g r g Working capacity assigned to the q th eligible working route for demand pair r 

wj Number of working capacity units on span j 
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17 The objective function minimizes the total cost of capacity placed on all spans in the 
network. Constraints (2) ensure that all working demands are routed. Constraints (3) generate the 
required working capacity on each span j to satisfy the sum of all (pre-failure) working demands 
routed over it. Constraints (4) ensure that restoration for failure of span / meets the target level of 
100%. Constraint set (5) forces sufficient spare capacity on each span j such that the sum of the 
restoration paths routed over that span is met for failure of any span /. The largest simultaneously 
imposed set of restoration paths effectively sets the Sj value on each span in the solution. To 
implement this type of formulation, one needs a pre-processing step to enumerate the sets of 
eligible working and restoration routes. 
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SUMMARY OF THE INVENTION 

18 Therefore, there is provided in accordance with the invention, a method of restoring a 
telecommunications method that uses meta-mesh principles. The method has applicability to 
networks that include plural nodes terminating plural spans, the plural nodes including nodes of 
degree two and nodes of at least degree three. For greatest advantage of the method, at least some 
degree three nodes are connected by chains of one or more two degree nodes. 

19 For restoration according to an aspect of the invention, the method includes the steps of 
detecting a span failure between a first node of at least degree three and a second node of at least 
degree three, the first node and the second node being connected by a chain of at least a third 
node, looping back local flows from the third node to one of the first node and second node; and 
routing express flows flowing through the first node and second node onto spans with spare 
capacity without looping back all express flows through nodes in the chain of nodes. 

20 According to a further aspect of the invention, there is provided a method of planning 
telecommunication network capacity to accommodate restoration of span failures, the method 
comprising the steps of calculating required spare capacity in the telecommunications network 
taking into account the restoration of express flows according to the meta-mesh method; and 
allocating spare capacity in the telecommunications network according to the calculation. 

21 According to a further aspect of the invention, there is provided a method of distributing 
spare capacity in a telecommunications network having degree two and degree three nodes, the 
method comprising the steps of characterizing, in a computer, the telecommunications network as 
a network containing nodes of degree three or more; and assigning spare capacity in the 
telecommunications network to minimize total cost of the network capacity subject to the 
constraints that (1) all single span failures are restorable, (2) spare capacity exists to support all 
restoration flows, (3) all working demands are routed in the telecommunications network; and (4) 
the working capacity of the telecommunications network is adequate to route working flows. 
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22 Once planned, the resulting telecommunications network may be implemented, as for 
example by implementing a telecommunications network, comprising plural nodes of degree 
three interconnected by chains of nodes of degree two; the nodes of degree three incorporating 
cross-connected equipment; and the nodes of degree two incorporating add-drop multiplexing 
equipment. Once built, the same processes can be used for ongoing decisions about which 
equipment elements in the chain to route a new demand through and where in the network, spare 
capacity needs to be augmented to ensure restorability, if anywhere. 



BRIEF DESCRIPTION OF THE DRAWINGS 

23 There will now be described preferred embodiments of the invention, with reference to the 
drawings, by way of illustration only and not with the intention of limiting the scope of the invention, 
in which like numerals denote like elements and in which: 

Fig. 1 is a graph showing a characteristic example of a sparse facility graph topology (55 
nodes, 62 spans, d = 2.25 , contains 14 chain sub-networks); 

Fig. 2 is a schematic showing an example chain of degree-two nodes between two mesh 
anchor nodes; 

Fig. 3 is a schematic showing the amount of sparing on a chain is determined by the size 
of the largest working total; 

Fig. 4 is a schematic showing "meta-mesh" topology of the network in Figure 1 (15 
nodes, 23 spans, d = 3.07); 

Fig. 5 is a schematic of showing spare capacity and restoration of a chain sub-network 
with express demand flow; 

Fig. 6a -61 are schematics showing a sampling of the Group 2 family of successively 
sparser test cases; 

Fig. 7 is a graph showing total distance-capacity savings relative to JCA versus average 
nodal degree (Groups 1 and 2 networks); 

Fig. 8 is a graph showing the breakdown of logical channel reductions relative to JCA for 
working, spare, and total capacity (Group 2 networks); 
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Fig. 9 is a graph showing the redundancy of various mesh protection and restoration 
schemes versus network average nodal degree (Group 2 networks); 

Fig. 10 is a graph showing breakdown of working and spare capacity versus network 
average nodal degree on Group 2 test networks; and 

Fig. 1 1 is a graph showing breakdown of working and spare capacity versus network 
average nodal degree on Group 3 test networks. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION 

24 In this patent document, the word "comprising" is used in its non-limiting sense to mean that 
items following the word in the sentence are included and that items not specifically mentioned are 
not excluded. The use of the indefinite article "a" in the claims before an element means that one of 
the elements is specified, but does not specifically exclude others of the elements being present, 
unless, unless the context clearly requires that there be one and only one of the elements. 

25 By changing the way capacity allocation and restoration in chains is carried out, a 
reduction in total capacity may be obtained while providing for full restorability of the network. 

How Chains are Capacitated in the Conventional Model 

26 The sparse network in Figure 1 has 55 nodes and 62 spans for d = 2.25 and contains 14 
chain sub-networks and seven direct spans. By definition, chains are bounded on each end by a 
node with d > 3 which are the anchor nodes of the chain. The conventional mesh design model 
handles these chains in the following manner. Figure 2 shows a chain of a three-span chain and a 
set of working capacity accumulations (wr 0 d resulting from the routing of demands in the 
network. The Wf oi values may be either the resultant accumulation of demands crossing the span 
from shortest-path routing, or the corresponding totals from a joint capacity design which does 
not necessarily route demands on shortest paths. Under span restoration the entire chain must 
have spare capacity sufficient to support the loop-back re-routing of the span of the chain that has 
the largest working capacity cross-section. Strictly, one needs s_i = max (w__i), where w_i is not 
the maximum in the chain and s_i = second max(w_i) on the span i where wj is the maximum in 
the chain. The conventional model will capacitate chains essentially as if they were sections of 
BLSR-type rings. Thus, in the example, the worst-case cut is of span 2-3 at 440 working units and 
so the spare capacity allocation within the chain would be as shown in Figure 3. 
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Mcta-Mcsh View of an Aggregation of Chains 

27 In the approach disclosed here, the chain is considered as a constituent part of a meta- 
mesh network. The meta-mesh is not a higher-layer network per-se, nor is it a sub-network. 
Rather it is the topology that arises when all direct spans and chain sub-networks are viewed 
equivalently as edges of another graph; the meta-mesh graph. Equivalently, the meta-mesh is the 
topology obtained when nodes of only degree 3 or higher are considered and no further distinction 
is made (for now) between direct spans and chain sub-networks. Both are just logical spans of the 
meta-mesh. In graph theoretic terms, the meta-mesh topology is a homeomorphism of the full 
graph. To illustrate, the meta-mesh graph for the network of Figure 1 is as shown in Figure 4. 

28 The significance of the meta-mesh is that it is only at this level of abstraction that true 
mesh spare capacity sharing efficiencies can arise. While the complete network has 55 nodes, 62 
spans and d = 2.25, the meta-mesh graph example has only 15 nodes and 23 spans with d = 
3.07. By its nature, the meta-mesh graph is always of at least of degree 3. The potential difference 
in efficiency of a span-restorable mesh on the full network versus the meta-mesh can be seen by 
application of the \/(d -1) lower bound on redundancy (see [18], [24], or [27]). The conventional 
JCA formulation, would thus be limited to a redundancy no lower than 1/(2.25-1) = 80%. On the 
other hand, a span-restorable design on the meta-mesh graph could potentially be only 1/(3.07-1) 
= 48% redundant. These are both lower bounds, not fully achievable in general, but it gives a 
demonstration of significant potential for efficiency increases from achieving restoration with the 
efficiency of the meta-mesh graph, not the full network graph. 

Logical Chain-Bypass Spans 

29 Referring to the w To t values in Figure 2, such accumulations of working flows will contain 
some demands originating or terminating within the chain, and others that pass completely 
through the chain, as shown for example in the bracketed w Tot values of Figure 2. The w Loc values 
are intra-chain working capacity totals that arise only from demands that originate or terminate at 
one of the nodes of the chain. With the w Loc values given, the difference remaining must be 
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express flow, denoted w Exp . These are the accumulation of working demands that flowing entirely 
through the chain and arise either from demands for which nodes 1 or 4 are the origin or 
destination, or which flow entirely though this chain on general paths across the network as a 
whole. 

30 If the breakdown of local and express flow through the chain is as shown in Figure 2, then 
the conventional design is providing loop-back spare capacity for the entire cross-section of both 
local and express flows through the chain. In other words, the normal response to any span cut in 
the chain is to return both local and express flows via loop-back to the anchor nodes. From there, 
the restoration re-routing problem can be viewed as equivalent to span restoration of a single edge 
failure in the meta-mesh graph. Because the treatment of restoration flows is completely mesh- 
like once they reach the anchor nodes, (he express flows are not required to be looped back to the 
anchor nodes. Rather, the express component of the working flow crossing the failure span may 
be returned to the anchor nodes simply by letting those demands fail all the way back to the 
anchor nodes. In other words, with respect to the express flows, the entire chain need only be 
viewed as one span of the meta-mesh graph over which these demands are travelling, and within 
which they can be restored. In this view, failure of any span of the chain is equivalent to failure of 
the corresponding logical span in the meta-mesh with respect to the express flows only. This is 
not the case for the intra-chain flows because the set of demands affected by each span cut of the 
physical chain differs depending on which chain span is cut. The local or intra-chain demands 
must therefore be explicitly looped back to the anchor nodes because their composition is altered 
by add-drop actions at nodes along the chain. The composition of the express flows is, however, 
unchanged depending on where the cut occurs in the chain, so they can be simply failed all the 
way back to the anchor nodes and do not need loop-back. The advantage in treating the express 
flows this way is that there will be no spare capacity required within the chain itself for 
restoration of any express flows, other than an allocation of spare that may be made to the chain 
from a globally efficient meta-mesh design standpoint. 
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How the Sparc Capacity and the Real-Time Restoration Phase Change 

31 Figure 5 shows the difference this restoration method makes in the example of Figures 2 
and 3 in terms of both capacity and reconfiguration differences. Intra-chain working flows must 
still be matched by loop-back spare capacity so they can escape back to the anchor nodes with the 
demand composition they had at the particular location of the break. All express flow through the 
chain automatically fail back to the anchor nodes. By the nature of express flow, there is no 
change in demand composition for any physical span cut within the actual chain, express /lows 
over chains are treated entirely with mesh-based restoration principles and never enter into the 
spare capacity sizing of a chain or ring. In the example of Figure 3, the loop-back spare capacity 
requirement is therefore revised downwards as shown in Figure 5, driven now by max{w Loc } = 
229 as opposed to max{MY 0 /} = 440 previously. The express flows simply fail end-to-end within 
the chain and are detected as having failed by the OCX in the anchor nodes. The presence of 
active loop-back signals in the spare ports at the anchor nodes identifies these ports as the local 
targets for restoration path substations. Both types of failed working flow, once at the anchor 
nodes through failure or loop-back, are then logically unified as a single total amount of failed 
working capacity on the corresponding span of the meta-mesh. From that point on, nodes 1 and 4 
of the example will co-operate as a conventional pair of Sender-Chooser nodes, within the meta- 
mesh of OXC nodes. When restoration paths are found through the meta-mesh of which this chain 
is a part, nodes 1 and 4 do the standard function in span restoration of making cross-connections 
that substitute the restoration paths between the corresponding failure / loop-back-appearance 
ports at their locations. Thus, one logical mesh-restoration event between nodes 1 and 4 in the 
meta-mesh transparently looks after simultaneous restoration of both the local and express chain 
flows. 

Augmented Logical Topology 

32 The implementation of the meta-mesh restoration approach requires modification of the 
conventional model of network restoration. First, the network topology file is augmented to 
include a logical bypass span in parallel with each chain sub-network. If a chain composition is 
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(by nodes) A-B-C-D-E-F, with total mileage X, then the associated bypass span added to the 
topology is a new span with end-nodes A-F and mileage X. The idea of the logical bypass span is 
to represent the possibility of routing working flows over an express route through the chain. If a 
demand originates or terminates at a node within a chain, the solver will be forced to route it into 
the chain (implying its participation in the loop-back spare capacity of the chain). But when a 
demand is routed over the chain but is not terminating in the chain, the logical bypass represents 
an equidistant routing option that does not have the side effect of contributing to the loop-back 
spare capacity. The revised formulation will not explicitly require the solver to use the bypass 
spans. Rather, under global minimization of total capacity, the solver will be further enabled to 
reduce total cost by the option to treat express flows in this separate way. In such a case the 
express flow will follow the physical route of the chain using the same fibers, cables, etc. but will 
not be implicitly handled by each OADM site en-route of the chain. Rather, express flows may go 
through splices or optical amplification, but are accessed only by the OCXs at the anchor nodes. 

33 A side effect of routing express flows on the bypass spans is an implicit grooming benefit. 
Grooming is the long established technique of selecting and grouping demands that share a 
common destination (or next-hub en-route) onto the same carriers to reduce the nodal equipment 
needed en-route. Like grooming in WDM networks [28], the action of the solver in the presence 
of bypass spans results in a solution that reduces equipment counts. The proposed design model 
forces the desirable grooming effect. Here, the nodal equipment reductions arise because express 
demands do not consume interfaces or core bandwidth in the OADMs en-route of the chain. The 
grooming effect is separate from the benefit of spare capacity reduction through the loop-back 
arguments but is automatically captured by the aspect of jointness in the formulation. 

Chain-Wise Dual-Failure Scenarios 

34 Secondly, the JCA model is extended to convert single physical cuts on spans of each 
chain into the corresponding logical dual-failure scenarios of failure of a physical chain span 
between its immediate end-nodes and simultaneous failure of the associated logical bypass span 
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between the anchor nodes of the corresponding chaia To represent these simultaneous logical 

span failure scenarios the set of spans, previously just S is now viewed as: 

Sd Set of direct spans in the network 

S b Set of logical bypass spans in the network 

S c Set of chain spans = S diff (S d union S b ) 

35 Constraint sets (2), (3), and (4) from the JCA formulation (which perform working 
routing, working capacity placement, and restoration routing, respectively) remain unchanged in 
form in the meta-mesh model. However, the prior sets of eligible working routes Q r and 
restoration routes P, are regenerated within the augmented logical topology with the added 
structuring to P, to recognize the logical dual-failure combinations that now arise. The new Q r 
includes the additional routes utilizing bypass spans. The P, for all direct spans remain unchanged 
from JCA but the route-sets P, for chain or bypass span restoration are restricted so that no chain 
span can be allowed to presume restoration over its associated (but co-failed) bypass span. The 
eligible routes for restoration of all physical (direct and chain) spans from the JCA formulation 
inherently already have the property of not using any bypass spans (because the latter were not 
present in the JCA problem) and so can be used directly from the JCA problem if available. In 
addition, new sets of eligible routes for restoration of each logical bypass span are generated 
within the augmented logical topology with a prohibition against routes using the associated 
physical chain spans. 

36 Constraint set (5) from the JCA formulation is also modified to capture the dual-failure 
scenarios when a chain span is cut causing its bypass span to simultaneously fail: 

s j*H S u'fi P V(/,y) € S d xS: i*j (5a) 

■f< P+ Y,W.j-ff V(/,»€S t xS: /*y\ * = *(/) (5b) 

per; P eP i 

37 Constraint (5a) ensures there is sufficient spare capacity on any span j to accommodate all 
restoration flow routed over it for failure of any direct span /. Constraint (5b) places enough spare 
capacity on span j to carry all restoration flows simultaneously routed over it for simultaneous 
failure of any chain span / and its associated bypass span k . k(i) is the many-to-one mapping 
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between individual spans of the full network and an associated logical bypass k. For instance, if 
spans 7 8 9 11 12 comprise chain 6, then k(7) =k(8)= (etc J = 6. 

Models Used to Obtain Test Results 

38 Three groups of networks were tested. The first is a set of nine independent random 
network instances with differing network degrees. They ranged from 30 nodes and 37 spans to 
44 nodes and 52 spans. For these random graphs (and subsequent networks) the length of each 
span is the Euclidean distance on the plane between the end nodes the span connects. Each of the 
Group 1 test cases was supplied with a gravity-type demand pattern, discussed below. The idea 
with these random networks was that they would produce a scatter-plot in the space of capacity 
versus nodal degree to obtain an initial indication of potential for the meta-mesh idea. 

39 Following initial trials with the random networks, two further groups of test networks 
were produced having a systematic progression from high to low nodal degree to better facilitate 
inspection and understanding of the meta-mesh designs as nodal degree varies. The latter 
networks were obtained by applying a succession of individual span removals to an initially high- 
degree master network while keeping all nodal positions and the end-to-end demand patterns 
fixed. The master network for the Group 2 family of networks, denoted 32n51s, is shown in 
Figure 6(a). It has 32 nodes and 51 spans and no degree-2 nodes. Seventeen progressively sparser 
test networks were derived from this master by random removal of one span at a time, subject to 
rejecting a removal if it would violate bi-connectivity. The number and size of resultant chain 
sub-networks were allowed to arise spontaneously as the average nodal degree is lowered through 
these span removals. Figure 6 illustrates a sampling of the successively lower degree networks in 
Group 2. A set of 39 Group 3 network graphs was produced by the same method to provide a 
further corroboration of the basic results. The Group 3 test networks, which are not illustrated for 
brevity, were similarly derived from a 40 node, 80 span master network (40n80sl), yielding 39 
sub-networks with d varying from 4 down to 2.1. The Group 2 networks were tested under all 
four of the demand patterns, which follow, while Group 3 networks were tested under uniform 
random demand only. 



Demand Patterns 

40 The treatment of express flows versus local flows in chains is at the heart of the new 



arise. For instance, the propensity to have express flows over chains may be lower if demands 
tend to be very localized than if demands are as likely to cross the continent as go to an adjacent 
node. We therefore defined and used the following demand models following fairly common 
practice for generating instances of demand patterns for use in research studies [33] [34] [35]. 
Summary properties of the four demand data sets, as used here, are given in Table 1 . 
41 Type 1: Inverse-distance "Gravity"-Demand Model: In this model, demands are 
generated from a mutual attraction effect proportional to node importance, but with an inverse 
distance dependency: 



In real networks, the population of a city or other regional measure of importance can be the basis 
of a node importance factor. Here, as a surrogate to create a measure such as population size or 
node importance, we used the degree of the node in each network (or in the master network). In 
the results that follow, the constant was set to 50 while the average length of spans was 
approximately 114 km, implying that there was about a halving of the expected demand at one 
average span length. This can be interpreted as a strongly localizing model of demand that may 
not be representative of some virtually distance-independent demands such as one might expect in 
a NY-LA relation. 

42 Type 2: Non-distance-weighted attraction model: This is the same mutual-attraction 
model but with no inverse-distance effect ("distance" in the Type 1 model is set to 1.0). This 
allows generation of strong distance-independent demands such the notional LA- NY example. It 
may also be more characteristic of a metropolitan-scale network where there is virtually no 
distance-based attenuation of demand and of Internet-driven demand patterns where any given 
session or transaction is as likely to half-way around the world as it is to be in the same city. The 
constant used here was -0.6, found through adjustment so that the mean and total demand of the 
test cases would be quite close to that of the Type 1 demand patterns. 

43 Type 3: Uniform Random Model: In this model every O-D pair is assigned a demand 
intensity from a discrete uniform random distribution in {1...10}. This model was included to 



method. A variety of demand patterns were used to identify any strong dependency that might 
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avoid any possible coupling between the tendency for high degree nodes (which get large 
demands under the attraction models) to also be anchor nodes of chains. The uniform random 
model has no bias to this effect and is as likely to generate a large demand to/from a degree-2 
chain node as an anchor node. 

44 Type 3: Bi-modal Uniform Random Model: This demand pattern was intended to check 
for possible dependence on the variance of the uniform demand distribution. The notion is that for 
the same uniform mean demand level, the opportunities for express flow optimizations may be 
relatively greater with high variance. This demand pattern was generated so that demand values 
wound up being bi-modal uniform random on the gapped range: ({1...3} {8... 10}), with roughly 
the same mean as the uniform random model. 

Mesh Network Design and Solution Methods 

45 The meta-mesh designs and five other types of design against which it is compared (1+1 
APS, SCA, JCA, SBPP, and path restoration) were implemented in AMPL Mathematical 
Programming Language and solved with the Parallel CPLEX 7.1 MIP Solver on a 4-processor 
Ultrasparc Sun Server at 850 MHz running the Sun Solaris Operating System 2.6 with 4 GB of 
RAM. None of the meta-mesh designs took more than two minutes to solve, although the SBPP 
problems sometimes took one hour to solve. Most details of the other design formulations are 
available in published sources and so are only referenced here. The SCA design uses the 
formulation and solution method detailed in [25] except that for this study the modularity was one 
capacity unit, while JCA is given above. The path-restorable designs were based on the non- 
modular path restoration model with stub release but without joint optimization of working path 
routes in [22]. The meta-mesh design method was also detailed above. The 1 + 1 APS dedicated 
path protection designs do not strictly require an optimization model. They can be generated by 
first finding the shortest route and then the next shortest disjoint route by temporary removal of 
all spans on the first route from the graph. For SBPP we are not yet aware of other published 
sources for the SBPP model, so the formulation we used for SBPP is given here: 

SBPP: Minimize £ s j ' C jh * Lj (7 ) 

JeS 
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Subject to: JX=1 VreD (8) 

A<=R, 

EZv^'^y V(/J)6SxS:/*y (9) 

46 The objective function (7) minimizes the total cost of spare capacity for backup paths. D, 
is the set of O-D demand pairs affected by failure of span /". R r is the set of eligible disjoint 
backup routes for demand pair r, and RV is the set of backup routes for demand pair r which cross 
span/ Other parameters and variables are as given above. Constraints (8) assert only one backup 
route b per demand pair r. x r b is a 1/0 decision variable taking the value of 1 if backup route b for 
demand pair r is used, and zero otherwise. Constraints (9) assign sufficient spare capacity on each 
span to accommodate all backup paths simultaneously crossing the span for failure of any other 
span. 

Computational Aspects 

47 A number of other aspects were common to all design types and their solutions. All 
working and spare capacity allocations were integer,, corresponding to capacity design and 
restoration mechanisms at the wavelength level. For comparative studies we avoid any specific 
modularity assumptions which could obscure the general underlying comparison of methods that 
is intended. However, any of the models can be converted to a modular formulation as shown in 
[25]. Results are based on a full CPLEX termination or a MIPGAP under 10" 4 (i.e. within 0.01% 
of optimal) with the exception of the Group 2 path restorable designs (within 0.1% of optimal), 
Group 2 SBPP designs (strictly 5%, nearly all within 2%), and Group 3 SBPP designs (within 1% 
or better). All designs were also based on an arc-path approach. This requires pre-processing 
steps to enumerate sets of eligible routes for restoration and, in the joint formulations, eligible 
routes for working flow assignment as well. Eligible routes are defined as in Herzberg [20], in 
which the basic spare capacity design problem is cast as an assignment of restoration flows to 
eligible distinct routes over the network graph. In practice this approach is desirable so that 
restoration route properties can be under engineering control for length, loss, or any other 
eligibility criteria. 
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48 For span-restorable designs in general, the ideal is to represent all distinct routes between 
the end nodes of each span failure, excluding the failed span, up to the threshold hop limit, H*. A 
practical problem comes when the network contains long chains because a high hop limit is 
required to represent the restoration re-routings that will be required. Say a chain of 8 hops exists 
in a network whose meta-mesh topology itself has H* = 5. Restoration may require an overall hop 
limit of 12 or more, implying a huge set of eligible routes if H >12 were to be attempted in 
representing eligible routes for all failure scenarios. The number of distinct eligible routes will 
quickly be above memory limits. We therefore use the following strategy, which is both effective 
and practical for representing and solving the required design models, and also greatly improves 
the scalability of this form of design solution method. The idea is not to presume a specific hop 
limit and attempt to generate all distinct routes up to the limit. Rather, we use a procedure that 
results in a specified number of the shortest distinct eligible routes at whatever hop limit is 
required to realize the required number for each failure scenario independently of one another. All 
the results here are based on this procedure to represent at least 20 distinct routes for every span 
restoration scenario and at least 10 distinct eligible route choices for the routing of every working 
demand in the "joint" design cases, which includes meta-mesh. Essentially similar route- 
enumeration methods were used to populate the SBPP and path-restoration design models for 
comparison, except that the restoration route options are end-to-end on each O-D pair. Prior tests 
with this approach suggest that any remaining gap to absolute optimally due to limitation of the 
route-sets is - 1% or less. Certainly the comparative conclusions of the study are not affected by 
any remaining gap against absolute optimality. 

Results Comparing Meta-Mesh Designs to Joint Span-Restorable Designs 
49 Figure 7 is a summary plot of all the Group 1 and 2 results in terms of the reduction in 
total network design capacity of meta-mesh relative to JCA versus d in each test case. The plot 
portrays both the scatter of the nine Group 1 test cases and the family of 18 Group 2 networks. 
Capacity is the distance-weighted total transmission capacity. The meta-mesh designs improved 
upon the JCA by a 5.2% to 12.1% reduction in total network capacity cost in the Group 1 trials. 
Group 2 trials showed essentially no improvement in the initially high degree networks, rising to 
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a peak of nearly 12% in the vicinty of d = 2.35 before falling again. Comparing across all four 
demand models in Figure 7 we see that aside from the strongly localizing Type 1 (inverse- 
distance) test cases, there is hardly any other noticeable differences between demand models. And 
even under the strongly localizing Type 1 gravity model there is only about 1 .6% less capacity 
savings at its greatest. This is a fairly small effect, but one, which was predicted, and serves to 
validate our understanding of how and when this design strategy works. 

50 Figure 8 gives a corresponding breakdown of the Group 2 designs under the Type 2 
demand pattern in terms of the constituent savings in working, spare, and total logical channel 
counts respectively. While costs for ducts, fibers, amplifiers, regenerators, etc., scale with total 
distance-capacity, certain nodal termination costs on OXC and OADM scale with logical channel 
counts (each logical channel is terminated on each end, regardless of distance, by either an OXC 
or OADM). In the vicinity of the peak in Figure 8 there is up to 30% reduction in spare channel 
counts and 21% in working channel counts. Overlaid on Figure 8 is a corresponding analysis of 
the average fraction of working flow through chains that is express flow in the meta-mesh 
designs. This diagnostic partly confirms the understanding that the meta-mesh benefit scales in 
proportion to the relative amount of express demands crossing chains. 

5 1 Figures 7 and 8 both show an interesting overall trend where savings (relative to JCA) first 
increase as d is lowered but then drop off again towards the mpst sparse cases. The behavior is 
not an exact parallel of the "% express on chains" data, however. An overall explanation seems 
possible, however, by linking the latter data to considerations of how the number and length of 
chains also varies with d . varies. The meta-mesh design produces its benefit where there are 
significant express flows through chains. The benefit against JCA should therefore be greatest 
when there are long chains traversed by significant express flows. In Figures 7 and 8, these effects 
evidently reach a joint maximum at d & Although the "% chain express" curve is relatively 
flat it is the average length of chains that peaks around d However, as d goes even farther 
towards the limit of d =2, more nodes that were previously sources or sinks for express 
demands over chains are now also part of a chain, converting their demands into m/ra-chain 
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demands. Thus, the continued reduction of d reduces the number of express-flow relationships, 
which are the opportunities for chain optimization. Indeed, in the logical limit of a Hamiltonian 
cycle, all demands are "intra-chain" and there can be no express-flow related spare capacity 
savings in the sense pursued here. The relative benefit is also zero at the high d range because 
those networks contain few, if any, chains and the meta-mesh and conventional designs are then 
identical. 

Comparison of Meta-Mesh Designs Against Other Mesh Protection and Restoration 
Schemes 

52 The meta-mesh approach was then compared with path-oriented schemes. To address this 
question in available space we restrict ourselves to the Group 2 and 3 network families each under 
a different demand model. Figure 9 presents results for the Group 2 networks under Type 2 
demands in terms of total network redundancy. This framework allows us to include the well 
known \l(d A) bound on redundancy [18], [24], [27] for span-restorable networks as a further 
basis for comparison. Figure 10 then presents the absolute working and spare capacity 
requirements of each design in Figure 9 and Figure 1 1 shows the same form of representation for 
the Group 3 family of test networks under Type 3 demand. In all three figures, redundancy and 
capacity are distance-weighted measures. 

53 A striking effect in Figure 9 is that 1 + 1 APS is never less than 140% redundant and 
surpasses 200% on the sparser graphs. This is consistent with the fact that 1 + 1 APS is really a 
form of ring-based protection. The gap in the 1 + 1 APS curve (and SBPP curves) is due to routing 
infeasibilities discussed below. We will give no further attention to the 1 + 1 APS scheme. In 
Figures 9, 10, 11, the observed ranking of SCA, JCA, and path restoration is consistent with 
expectations from theory and with results for prior single-network solutions to these problems. 
JCA improves considerably over SCA by finding slight changes to the routing of working paths 
that have the effect of a relative leveling out of nodal working capacity quantities, improving the 
overall capacity efficiency. Also notable in Figure 9 is how well SCA and JCA parallel the l/(d - 
1) lower bound curve. The bound is obviously lower on the scale but the similarity in shape 
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suggests that the arguments underlying the bound are accurate for span-restorable networks. By 
comparison the path-restoration curve is not only lower than the 1/(^-1) bound for span 
restoration but it also drops at a steeper rate initially as connectivity increases and is then almost 
flat as the network becomes more richly connected. Note the actual redundancy levels of the path 
restoration designs. Anywhere above d = 2.6 or so, they are in the 45% to 50% range. This is 
three to four times more efficient than 1+1 APS and almost twice as efficient as SCA. This also 
substantiates the widespread general appreciation that path-restoration with stub release is the 
most efficient scheme known. 

54 The remaining curves in Figures 9-11 are SBPP and meta-mesh. The SBPP curve is 
punctuated by cases where the SBPP (and 1 + 1 APS) problems had one or more routing 
infeasibilities on the given graph. The general issue arises from the process of taking the shortest 
route first for the working path. It can then be impossible to find a disjoint second route. This is 
covered further in [27]. The problem can be overcome by instead finding the shortest cycle 
containing the two O-D nodes or to iteratively alter the first route choice upon discovery of the 
infeasibility until a disjoint route exists. In the present work, however, we modeled the simpler 
provisioning model as it appears to be considered that SBPP would work this way in current 
standards deliberations. We would, however, point out the issue of such routing infeasibilities and 
note that they can be particularly frequent in sparse graphs. Setting aside the missing data points 
from infeasibilities, SBPP is generally intermediate in efficiency between the meta-mesh designs 
and path restoration with stub release. In practice, overcoming the provisioning infeasibility 
problem will add slightly to the capacity requirements of the SBPP curve. Within this backdrop, 
the meta-mesh designs provide an intermediate set of characteristics, especially around 2.4 < d < 
2.8. In this region of Figures 9 - 1 1, the meta-mesh designs are essentially as efficient as SBPP 
and are even below the \/(d -\) bound although operating with only a span restoration 
mechanism. 

55 The slightly rising slope on segments of the redundancy curves in Figure 9 is only a 
reflection of the fact that working capacity keeps decreasing slowly as d rises. The result is that 
the ratio of spare to working increases slightly. The total capacity cost is nonetheless dropping. 
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56 Figures 10 and 11 show the absolute totals of working and spare capacity in the mesh 
designs. The plots show fairly clearly that amongst competing mesh-restorable design types, the 
significant differences are essentially all in the spare capacity. All schemes use virtually the same 
amount of working capacity which is very close to that required for simple shortest path routing. 
Even where JCA and meta-mesh employ joint optimization, the working paths still deviate only 
very slightly from shortest paths. A related interpretation is that in considering evolution from 
rings to mesh, the benefit in working path routing is essentially all obtained by going to any kind 
of mesh scheme. The exact type of mesh scheme essentially matters only to the further savings 
obtainable through spare capacity efficiency. 

57 We have disclosed a refinement to the mesh network architecture which targets chains in a 
low-degree span-restorable network and increases the capacity efficiency of the overall design 
and reduces the amount of nodal equipment required in chains. The method works by treating 
chain sub-networks in a manner that refers the greatest amount of working flow immediately to 
the meta-mesh graph for efficient mesh restoration and minimizes the amount of loop-back spare 
capacity needed in chains. The changes to the restoration mechanism are minor. If a span cut 
occurs within a chain, the adjacent OADMs perform their loop-back function as before, but only 
for local flows transiting them. Express flows are not logically routed through the OADMs 
(although they may physically pass through waveband passthrough filters at the OADMs). Upon 
failure in the chain, the express working wavelengths are allowed simply to propagate their failure 
condition from the failure span out to both anchor nodes. Either Loss of Signal or Alarm Inhibit 
Signal can alert the anchor nodes of the failure. Once at the anchor nodes, failed-back express 
wavelengths and looped-back local channel wavelengths are unified from a restoration 
requirement viewpoint as a single logical span failure of combined capacity requirement for 
restoration by the meta-mesh OXC nodes. 

58 Test results showed up to 30% reduction in spare channel counts and up to 12% savings in 
total distance-weighted capacity depending on d . More important in general is the understanding 
now validated that the actual benefit in any given case depends on the volume of the express 
demand flows through the dominant chains of the networks. The method would be especially 
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advantageous where large cities exchange considerable demand flows over a chain of smaller 
centers between them. 

59 We see the application specifically to DWDM networks as follows: First, only the meta- 
mesh nodes require full optical-cross-connect functionality. These are the only nodes with degree 
of 3 and above and the only ones that need to function as mesh-restoration-capable nodes. Chain 
node sites can use simpler OADM equipment, which is topologically matched to the degree-2 
sites and only required to support a BLSR-like loop-back reaction upon failure. The logical 
bypass flows on chains are also an ideal application for a waveband pass-through feature on the 
OADMs. If the express flows are conveyed through chains via OADMs with passive waveband 
pass-through filters, chain span failures will propagate a loss of signal alarm to the optical cross- 
connects in the anchor nodes. This triggers an otherwise normal mesh restoration reaction that 
proceeds, for both express and looped-back working capacity within the meta-mesh graph. 

60 Express flows are identifiable or known at the time they are provisioned in the network, 
based on the origin and destination nodes. If the route of the demand or service path traverses the 
chain but does not have any node of the chain as its origin or destination, then it is an express 
flow. This property is easily detected when new service paths are established in an existing 
network or when the demand is routed in the stages of designing a network. If a particular 
demand flow is identified as express flow it is given a different treatment in terms of the hardware 
elements along the chain that handle it. While the non-express flows must pass through each 
ADM en-route of the chain, the express flow can physically pass through on a separate fiber or 
wavelength of a fiber designated to be spliced right through, or passed right through by a 
wavelength selective filter in the latter case. Other variations may be that instead of passively 
passing through over a simple fiber glass splice or through a passive filter, the express flow 
signals may undergo simple regeneration or optical amplification as is required by their 
transmission constraints. Treatment of express flows in this manner is different from being 
passed through the more expensive and capacity-limited ADM nodes en-route. 
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61 In implementation of the restoration of a span failure, the two degree nodes in a chain of 
nodes affected by a span failure need not deal with the express flows, and need not identify 
express flows. All local flows are looped-back in accordance with conventional loop-back 
procedures. Failure of the span may be identified in any of several ways, including arrival of the 
loop-back signal at the end of a chain of nodes, loss of express flow at a degree three node, loss of 
a test pattern or a flag on traffic indicating the failure of the span. The degree three node at which 
the failure is detected then may act in a conventional sender-chooser configuration to find spare 
capacity for routing both the express and local flows. The spans in the network may be any of 
various conventional telecommunication spans including wire and optical. 

62 On average, the meta-mesh designs took twice as long to solve as the corresponding JCA 
designs with the present methods. Although architectural concepts, not run-times, were the 
primary point of this work, it is practical to consider how this approach scales for larger networks 
with many more chains. In this regard it is important that the meta-mesh scheme remains 
essentially a special form of span restoration, not path restoration. The point is that in both real- 
time for restoration and compute-time in design, the span-restorable approach is not as sensitive 
to the complete network size because every failure and restoration response is treated relatively 
locally. In contrast the real-time speed and design-time requirements in path-oriented schemes 
both respond directly to total network size. Interestingly, the longest-running formulations here 
(by far) were those for SBPP, apparently due to its large number of pure 1/0-decision variables. A 
further point on scalability is that the technique of defining and budgeting eligible routes in the 
arc-path type of design formulations is useful in comparative planning studies because it allows a 
trade-off between design solution time and solution quality. For quick comparative studies, fewer 
eligible routes may be appropriate. Longer runs for final designs can use more eligible routes. 
Ultimately, however, if run-times on the largest networks become intolerable, there is a large 
body of Operations Research (OR) expertise that can be drawn upon to attack the computational 
problem (with column generation or lower bounding techniques, for example). Further effort on 
speeding the related computational problem is only warranted once the magnitude of the 
achievable benefits are appraised, as they now have been. 
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63 In Figure 9 the overall redundancy of the chain optimized designs can actually be better 
than the \l(d A) bound for a span-restorable mesh network. And in Figures 10-11 the spare (and 
total) capacity of the meta-mesh designs is approaches that of spared-backup path protection. The 
chain-optimized designs represent a specific kind of step towards path restoration, one that 
happens to be especially effective for sparse graphs. Express flows are restored between the 
anchor nodes, which serve as a kind of pseudo-origin-destination node pair, while local flows are 
treated in a span restoration like manner. But for local flows within a chain, there is no difference 
between path and span restoration within the chain itself Moreover, it can be reasoned through 
that for express flows between the anchor nodes themselves, and for all local flows between an 
anchor node and a respective chain node, the resultant meta-mesh restoration is identical to path 
restoration for the stipulated demands. Therefore, to the extent that chains are a significant 
consideration in sparse networks, the meta-mesh method effectively moves the network design 
towards the efficiency of a path-restorable design on the same topology, even though it continues 
to use or require only a span restoration mechanism. Thus, it is believed that span restoration on 
the meta-mesh abstraction of a sparse graph can approximate path restoration on the full graph. 
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We claim: 

1. A method of restoring a telecommunications network, in which the network includes 
plural nodes terminating plural spans, the plural nodes including nodes of degree two and nodes 
of at least degree three, the method comprising the steps of: 

detecting a span failure between a first node of at least degree three and a second node of 
at least degree three, the first node and second node being connected through a chain of nodes 
including at least a third node; 

looping back local flows from the third node to one of the first node and second node; and 
routing express flows flowing through the first node and second node onto spans with 
spare capacity without looping back all express flows through nodes in the chain of nodes. 

2. The method of claim 1 in which the telecommunications network is configured with cross- 
connect equipment at nodes having degree three or more and add-drop multiplexing equipment at 
nodes having degree two. 

3. A method of restoring a telecommunications network, in which the network includes 
plural nodes terminating plural spans, the plural nodes including nodes of degree two and nodes 
of at least degree three, the method comprising the steps of: 

detecting a span failure between a first node of at least degree three and a second node of 
at least degree three, the first node and second node being connected through a chain of nodes 
including at least a third node of degree two; 

looping back local flows from the third node to one of the first node and second node; and 
routing express flows flowing through the first node and second node onto spans with 
spare capacity without looping back all express flows through nodes in the chain of nodes. 

4. The method of claim 3 in which the telecommunications network is configured with cross- 
connect equipment at nodes having degree three or more and add-drop multiplexing equipment at 
nodes having degree two. 
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5. A method of planning telecommunication network capacity to accommodate span failures, 
the method comprising the steps of: 

A) calculating required spare capacity in the telecommunications network taking into 
account the restoration of express flows according to the method of claim 1 or claim 2; and 

B) allocating spare capacity in the telecommunications network according to the 
calculation of step A. 

6. The method of claim 5 in which the telecommunications network is configured with cross- 
connect equipment at nodes having degree three or more and add-drop multiplexing equipment at 
nodes having degree two. 

7. A telecommunications network having spare capacity distributed according to the method 
of claim 5. 

8. A method of distributing spare capacity in a telecommunications network containing 
nodes, the nodes including at least degree two and degree three nodes, and the 
telecommunications network containing spans connecting the nodes, the method comprising the 
steps of: 

characterizing, in a computer, the telecommunications network as a network containing 
nodes of degree three or more; and 

assigning spare capacity in the telecommunications network to minimize total cost of the 
network capacity subject to the constraints that (1) all single span failures are restorable, (2) spare 
capacity exists to support all restoration flows, (3) all working demands are routed in the 
telecommunications network; and (4) the working capacity of the telecommunications network is 
adequate to route working flows. 
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9. The method of claim 8 in which characterizing the telecommunications network as a 
network containing nodes of degree three or more comprises assigning, in a computer, a logical 
bypass span to each pair of degree three nodes that are connected through a chain of one or more 
degree two nodes. 

10. A telecommunications network having spare capacity distributed according to the method 
of claim 8. 

11. A telecommunications network, comprising: 

plural nodes of degree three interconnected by chains of nodes of degree two; 
the nodes of degree three incorporating cross-connect equipment; and 
the nodes of degree two incorporating add-drop multiplexing equipment. 
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